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Abstract: [ Objective ] The purpose of this study was to explore the optimum preparation conditions of bone biochars, their
improvement effects on acid soil, and the influence on Al forms from the perspective of soil solid phase and liquid phase.

[ Method ] The anaerobic pyrolysis of pig, chicken, ox, and sheep bone meals were used as raw materials to produce
biochars(bone biochars)as ameliorants and three typical acid soils were used. [ Result ] The results showed that the bone biochars
prepared by high-temperature anaerobic pyrolysis were rich in CaO, CaCOs, and Cas(PO,4);(OH), contained alkaline substances
such as NaO and MgO and characterized by many functional groups including -OH. Nevertheless, the alkali content of bone
biochar was greatly affected by the pyrolysis temperature. The alkali content was close to the peak value and remained stable at
800 °C for chicken and cow bones, and the same at 900 ‘C for pig and sheep bones. Interestingly, the alkali content of these bone
biochars was about 90% of the quicklime, which is the best preparation temperature. Also, the biochars effectively increased the
pH of acidic red soils from Anhui, Jiangxi, and Guangdong with an original pH of lower than 6. The alkaline substances in bone
biochars mainly existed in the form of H" buffers and the magnitude of the increase in soil pH was inversely proportional to the
initial soil pH. After adding 5 g-kg™' pig, chicken, sheep, and ox bone biochars to the red soils with pH = 4.40, the Al
concentration in soil solution decreased by 33%, 34%, 47%, and 41%, respectively, compared with the control, and the content of
organically bound Al in solid phase had no significant change(P > 0.05). Bone biochars increased the cation exchange capacity of
acidic soil and reduced the content of soil solution Al and exchange Al by promoting the conversion of active Al to adsorbed
hydroxyl Al and more stable Al in the soil solid phase.[ Conclusion ] Bone biochars are rich in nutrients required for plant growth,
has the dual characteristics of inorganic and organic amendments, and are high-quality materials that can replace traditional lime
as soil amendments for acidic farmlands.

Key words: Animal bone meal biochars; Pyrolysis temperature; Acid soil; Aluminum toxicity; Soil aluminum species
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AWy I e R R 1 - A Bl A

1301

110°02'E ) f&213%, HIN 0~20 cm 3R 2+ 5,
A RHERFE LU BRI SR . EORAIE R B
Mo EREZARKNTE, PP 2 mm FLAEG
FRFERE ;. BOHr Tt 0.25 mm FLART, AR H
B O 5 R AR (1),
1.2 M RFIG&RAFERIER X

Bodlg: NI Hirg -k, LR, 56
T 60 CHETIFRME, i 2 mm G 7, 2 THIRS
JESLFE S, NSy, DAErah BT 20°C iR
R IR HAREE (400, 500, 600, 700, 800,
900, 1000 °C) Jafff2h, BEEER, Bt
1 mm . [RIEF, T8 A A RN RSO RT H

B RFFIEFRAE : R R 2L #4553 74X ( PerkinElmer
STA 8000, K [E ) X & k¥ i#H1T#E ( TGA) 4347,
JHEHEZE N 10 Cmin', FHREE NN ERZE
1000°C, FLIWAZSSAFE AN 70 mL'min', FEAS
TR R . R X SR 7% ( XRF,
Panalytical Axios, fij =% ) X8 s hICHLA 5317 E
PERE M. RS 204654 (FTIR,
Thermo Scientific Nicolet iS20, %[ ) X} 5 F fE 4
PEATA T, EREIE TR 400~4 000 cm ™', SR
X AT HHY ( XRD, Bruker D8 Advance, fE[E )
X ) AL BT M. B, A R A HLIT
Z ML ( EA, Elementar UNICUBE, [ ) 5 .

z1 #HRTBEEKSYH
Table 1 Basic parameters of acidic soil
) N B3 %A bR A Whhr
FERL +4 pH SOM/ AP/ H'/ CEC/
Parent Clay/ Silt/ Sand/
Sites Soil 1:25) (gkg') (cmolkg") (cmolkg') (cmolkg™)
material (gkg') (gkg') (gkg')
T AR - EAWER)
N 4.38 305 201 494 18.3 4.56 0.24 13.3
RREY  (EMEEeg) 4zt
bANi'} b+ T
N 4.49 200 169 631 10.1 2.01 0.15 6.49
JER®  (awbiai) aibh
IR [EFaR: ]
- ‘ v 4.20 694 70 236 24.8 7.85 0.32 10.7
wmE® (mmEEE L)
TE: SOM, HIEAHLE; CEC, LIEMEFacduim; AP IS HY: LIEAcH M4, Note: SOM, soil organic matter;

CEC, cation exchange capacity; AI’*, exchangeable AI**; H',

Jiangxi Province, @Xuwen County, Guangdong Province.

B AR AIEE 1« FEF H wr R ek ol
KB HIMA pH=4 (REFRIEIE (m 5 V sw=1:5)
SEAF 24 h J5# FH Orion720 pH 31l %€ HIA W pH. IR
Bk v <2 Hh £kt B 8% 2 4 (TS0 Titrator, Mettler
Toledo, Urdorf, Hi+ ) /] 0.4 mol'L!' HCl ¥ &4
0.25 g ‘B 25 mL /K & 2 pH=2.0 3815, LU &
% pH=2.0 Tl FERY H B A Mol B 570 o 75 & .

1.3 TIEREFFSw

1.3.1  AFPILH pH L84 TETS IS KA 1
TSI HAET, JeibiT— R I IR .
JH Ca(OH), B¢ Aly(SOu)s FFR1E T334 A [m] + 58
pH BEEEIO, 43 4.9, 5.5, 6.0 F1 6.5, 1ERSH
HUE 8.0 kg HAr -8, M4 HAs 15 pH 55 Ca(OH),
5% AL(SO4); WS A& 1Y ¢ AR TS I E 5 1) Ca(OH),

exchangeable H*. (DLangxi County, Anhui Province, @Yingtan City,

5 AL(SO4); BEFEIR A, TREF 70% H R R5 K &8 1 % 7K
WEREFRM P — A MR, ks 2
A HIEER TR EE T 3 Wik, KT
KRR A b3, B3R 58 S T BE R i 2 mmo i
FHF IR RS el KRR 55056

1.3.2 B AU 0o 042 FRUET 2 4 TR 3 ol R S ey
FREUR M 1345 500 g FHRIAS, f 8 oA A
TR (HERCRNTH ) VR R A5 0, 1, 2, 3,
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50 gkg ' LB IN B LB R+ (F 1) . il
SCER e e MHLL T, AR E R =k,
A A HE B KRR 2 R KR A 70%1M )
25°CHYTEIR B R4 TP BE 3R 60 d J5oks LIRS X,
WP 1 mm G AL 3 B .
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1.3.4 B 5020 R A Rk 21 HE IR BE (17 o0 R A4 L 5
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T AT S5 R AP AL PR A =K
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3 A R R A sz
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if 1 mm G, (R LB TR E 0 k=1 2 i L
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6 JH o SR R B i 6 AR TG Al AT R )
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+0.5 mol-L"' KCI A1 1.0 mol-L' NH,OAc ( pH=4.0)
VS W GE AR HERE N, A B sC A Al
(AI-Ex ), BEHAHLEE A Al (Al-Or ) FIE A%
ML Al CAL-Hy ), H3EREAHBWEHE Al JE
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e R FH ICP-AES #5:
1.5 BUESH

] SPSS 22.0 B ATHE oM. R 22
5317 CANOVA ) K o AN [a] db 38 2 ) 2 v, i A
XS 22 RN 22 5 b E A TR 5 ( P<0.05 ). fff
AR IR A (Pearson ) FHICMHT T ik FI B AR S 402
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Fig. 1 Thermogravimetric analysis of bone meals ( Solid line is

relative mass, dashed line is the rate of weight loss )
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U5 A FIROR VLR G % I8, ABFEIA N 800°C &
R A= e ) 4 ) B AR UL, 900 C I 4 R =F-i o 1l
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2.1.3 B xR XRF 5t M 3 afLIAEH, “iIf
FUIREE” A% 0 VU R ke 2 BN 4 A CaO il P,Os,
[ NaO. MgO S50 i, FIIHAE R H,
PORHBR P AIRE AR (% 2) WEZRE, HFh
MR CaO & i s BRI Ry K. i
WEp . Fiam. SER, HBE5AKMIL, &KRTE
MR R EATE 20N 1) A KT ALO;
F1 SO, & LRSS, B A X SE BB W) ot & T ARAIR 5
2) B HHE B AN KRR v, RIS AR
fdt I P AR BB S I O 3) TR AL 5550
FORS R e A= 4 A IR — RO R B A MBI, 2
U Mo T B e A PO I s 4) B R —
R sl s Ok, HESRSEY R &k T

AR AL RE

2.1.4  EHKI XRD 5341 t XRD 2ol LU
W, DOARE R AT P LA N CaO |, CaCOs (7
il A7 BIRR R4S )l Cas(POL)s(OH)( F2R LM K A fdk )
(F2), X5 3 458158 WERMAEDLRIK
AT Nas(AlFq). X152 BTSRRI 7e 45 RS —5,
Glasner 25V R INEMTE 750 CUL B, %55 B
fin, AE 900 CLA FARTHAR R B . 5w By IR AT 4%
B b A R e T B S R RS P IR T R R %
6 ST rh B IOEE RE , T T B84 5 X B 0 2% b
77, Il G T PN - SR PR G i S B0 G .
2.1.5 HKH FTIR Z0#F MK 3 ALUED, &
WS N W R BESE (C-0-C ). BEFs3E (-OH ), C-H.,
PO, LR EREM, X 52 2R ML B BF 5T gy i)
— 3 XEEH R AR A B [ e AL I G S
TP ZZ W B2 A5, TR R 2% vp H R AL

x2 FREBEBRAMERMEAREFERpH (BX: pH4 MHERRRK =1:5)

Table 2 pH of the acidic solution after bone biochars added (Bone biochars: Nitric acid solution of pH4 =1 : 5)

PR X IR SR/ VANE R Fi GEVEY/S
Pyrolysis temperature ~ Chicken bone biochar ~ Ox bone biochar Pig bone biochar Sheep bone biochar Quicklime
400 C 7.88 6.69 6.48 7.05
500 C 9.33 7.08 7.66 8.08
600 C 10.00 8.40 9.05 9.18
12.52
700 C 10.17 9.07 9.63 10.42
(X))
800 C 11.28 11.16 10.10 10.58
900 C 11.64 11.44 11.10 11.32
1000 C 11.78 11.51 11.00 11.42

R3I BRI XHEIASHT (XRF) MERSHT (EA)

Table 3 X-ray fluorescence analysis (XRF) and carbon and nitrogen analysis (EA) of amendments

XRF 73#7, AP

EA 73#r, i a AmiEA

o
XRF analysis, Oxide model/% EA analysis, CHNS model/%
Materials
CaO Nazo MgO Kzo A1203 SIOZ P205 SO3 F6203 C N H
485" (800°C) 52.59 1.64 2.09 0.04 0.12 0.08 41.14 0.66 0.41 3.73 1.05 0.67
HER® (900°C) 52.83 1.66 240 0.16  0.02 - 42.53 0.20 0.06 5.55 1.54 0.76
X5 % (800°C ) 51.98 3.68 346  0.80 0.55 3.97 30.19 0.71 1.31 9.33 2.08 1.08
FHRY (800°C) 58.26 1.62 230  0.06 0.07 0.25 35.19 0.97 0.3 431 1.39 0.43
AT IR® 68.79 0.57 4.65 027 547 9.82 2.19 3.96 3.16 - - -

(DOx bone biochar, @Pig bone biochar, @Chicken bone biochar, @Sheep bone biochar, &Quicklime.
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B2 s X LA (XRD) K
Fig. 2 X-ray diffraction analysis ( XRD ) of bone biochars
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T SR N 3G N R IR B4 . 12 gokg ' WO
B, XS, 40 . FE R EIE pH 43 IR
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Fig. 3 Fourier infrared spectroscopy ( FTIR ) analysis of bone biochars
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Fig. 4 Acid-base titration curves of bone biochars
137 —8— 345 5(800°C )Chicken bone biochar

—o— - (900°C)Sheep bone biochar
—A— 725 5:(800°C )OX bone biochar

N

T 11} —v— #%H5¢(900°C )Pig bone biochar
Z 10 —— 4K Quicklime

w2

o

N

=

[="

H

A U N N 0 O

0 10 20 30 40 50 60
‘B 7RI The amount of bone biochars added/ (g-kg™)

B s BRI REIR 1 pH YRR
Fig. 5 Effects of bone biochars on the pH of red soil from
Anhui
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16 A IRMEY B B OZRBEE T3 pH BRI
WA A T AS SR A5 A IR AR S 30 P 43 R il
AT KR B A v IR R vh e ), X R A KA
BLBC R AN LA (R . DURR - e, X R Jie kit
AP pH TR 48R B ol RSO ey, HoAth =
Flvg o i % 22 5% (P>0.5),
2.2.3  H ORISR IR YE A e AR H
K7 AEN, winsgke' 4. F . SER.
ARG ITVEL Pt pH 43 B IR $E 55 0.44.0.59
0.66. 0.68. 2.23 1~ pH H1{i, | ZARHELL1IE pH 5 3
AR 0.94, 0.91, 0.92., 1.13., 2.40 4> pH
. ATLVEMA . £ . X R R IR L b
T RFELTERR BE ( P<0.05 ). PUFNE X~ 4R ik 4135
1% B i e RO ey, HUROCHTIVE 40 + o Xk —
BT R 6 LR S525 . IR R, 1955
FE = A v 2 R B X - R R T A A ek R Ak
A, HAh =FpeE Rk Z ] TC W] i 25 R
2.2.4  HHRYE 1 CEC A1 pHBC (15211 5]
FATUFEN, BEAF PR S gkg ' PUFE B
Al i 3 ( P<0.05 )= -4 CEC 1 pHBC, 13 CEC
B4R R BN T L1 pH (B 6, K 7) AIANLE
REFA R P B (& 3 ). BEA 48 HVRE Y
FRAR, BHORIEE . RIS R R A LK FIREM,
TS 350 93 1 A7 Fl o 38 I 0S5 R R BT A A K
A ALE RE RISy A R AT 22 1 £ r i Ao W B A7
19200 4 1 CEC Y4 il o 4 i AR5 35 40 LA B
MEEE 21 AP, POYEHEN SRR T, XAT
ZIRRRYE T Al FEHEITREFULFES TR
HZEINR, THBERESRIEY =8 W5 3R 5)
FURRCRT 1 S AR A . A8 e
138 pHBC Hy42m R 2 Tomies . AV
REAT SR LA LY “—s” Eopik &, DT K
JE A 0P BE T o XA IR SRR A YL R
il £ 1 A= 0 e — U 200,
2.3 BB IERESHI I

W LHATE LRI 5 gkg ' BRI+ /R
RIS HE S ATLLEN, e, WE .
B AR AL B A R TR AL 43 0 R
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7.0 494%—5 g-kg™ Chicken bone biochar

B2 B 975 g'kg™ Sheep bone biochar

[ 445 g-kg™ Ox bone biochar

6.5 - HHEH #%4#%—5 g-kg™ Pig bone biochar Tab

[ ] X} H&Control a SS T abe

ab
6.0t Nt

55¢

- HEpH(1:2.5)Soil pH

T

50 SN o

45¢

WL

TE X MURAR R UG pH L3, A5 BER R A R 00 4 pH A [l 4 31 22 1] 22 5% (i 2 ( P<0.05 ). Note: The control is soil with different
initial pH, different letters indicate the significant difference ( P<0.05) of different treatments within the group.

EIESEEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE ==

43 5.5 6.0

W1%h £ 3EpH Initial soil pH

Ko Lewnth pH O E bk R SRR O A 82

Fig. 6 Effects of initial soil pH on improvement effect of bone biochars for acidic soil acidity

150 02 Es-s oke B FHRE-s oke” B AR5 ke
[ 54597 °=5 gkg™ O AATR®=5 gkg 1 xHR®
a
7.0 T
l a
. I
jun)
j=h
3 60
"
o
£ 55
3 b i
be b
+H T C ¢ ¢
5.0 ¢ e /Tv Tk
- I
d
4.5 +
d
4.0
VIVG41 R+ Red earths I %1k 41 ¥ Latosols
F IS oil type

e X REURAS R 2SR @t 148, AN [ - B 3R M 7] - AN W] A 3 22 R] 1) 22 5 i 2 ( P<0.05 ). Note: The control is different types of
acidic soil, different letters indicate the significant difference ( P<0.05 ) of different treatments within the group. (DOx bone biochar ( 800°C ),
(2Sheep bone biochar (900°C ), (3Pig bone biochar ( 900°C ), @Chicken bone biochar ( 800°C ), ®Quicklime, ©®Control group.

Bl 7 B AN R R S i RLAR A

Fig. 7 Effects of adding bone biochars on the acidity of different acidic soils
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x4 HmMsgkg' BRWLHEAF T CEC #1 pHBC &Y
A

Table 4 Effects of adding 5 g'kg ™' bone biochars on CEC and
pHBC of red soil from Anhui

[FIAERY, AL-Ex 73 536 BRI T 75% . 81%. 64% .
67% . 99%, Al-Hy 4355 I T 236% . 212% .
215%. 218%. 408%, G\ Al 43l B0 FEBEAL T
29%. 37%. 22%. 25%. 40%. ULEHE NG %5 S

B3] CEC/ pHBC/ N .
B N AT ALl M ERES ALEAL, XEEEHT L
Treatment (cmol'kg™) ( mmol-kg™"-pH™) N ) A \
o—— e . HE pH MUBEIERE T AP K A A A 3R M o 2 3k
= AR Sc .
. AL IR, Zhao Z5EU RN Li 4R PUIRIE T 7 R 1 4%
W s (900°C) 16.2b 24.5a . L . o
X Hhit HAE YIRS AT o sk it 5, 25 4 3R i B Bk
e (800°C) 16.7b 25.6a . N
LEE® (500T) - 2io ALK EFRIEE Al BREY, RUFFREHE S5 HAM
Al @ 7. . . N e
X;}f_‘(gmm ‘ . VRIS AR E AL 7 bt P O
5 5 17.6b 26.1
A ) (P<0.05), VLWV AR Je S BOH A3 e AL 28 B A
HEAIKY 20.5a 22.7ab

o EAE AL (8 Al (OH) %), XAlfig&h
F 4 pH M RIFERTFHAEME Al (OH) 5 7%
FERGRAS ALCOH) 5! P IR puAh B 4% 5, Al-Or
RN BT B E L (P>0.05), XRZHAET 4
e pH BRI B PR IC 2 B MG LA B2 ALFEE R
BRI Al EUEEREN AL, %W AT KA FE LY
AR EIE, WA, WAL RHE £HEAROK
VA LT A It 2 2 B HERAR A HLES 535 Al
B 20 ot 2 i — A AR R R T AL FE

H: CEC, TMEPHESF2cHist; pHBC, TIEMRZEMAHE;
[F] B AN [ S B 3R 78 A [ b B2 i) ) g 35 25 5 ( P<0.05 ), Note:
CEC, cation exchange capacity; pHBC, acid buffer capacity;
Different letters indicate the significant difference ( P<0.05) of
different treatments within the group. (DControl group, @Pig bone
biochar, 3Ox bone biochar, @Sheep bone biochar, G Chicken
bone biochar, ®Quicklime.

FEAR T 31%. 32%. 47%. 41%. 80%. UiHH-H 5 n]
A A R AR R 1 R AL W (P<0.05 ),

£S5 HmMsgke BRMLHAKTRBESHENT

Table 5 Effects of adding 5 g-kg™' bone biochars on Al species of red soil from Anhui

IR Al +3EF A4S The Al in soil solid phase
M3
Soil solution Al/ Al-Ex/ Al-Or/ Al-Hy/ Al-Reactive/
Treatment
(pgL™) (mgkg!) (mgkg") (mgkg™!) (mgkg™!)

25 XTI 590a 270.4a 87.3a 40.1¢c 397.8a
R (900C) —5 gkg™ 409b 67.9bc 79.6a 134.8b 282.2bc
XE Y (800°C ) —5 gkg™! 406b 50.1c 76.5a 125.0b 251.6¢
FH5Y (900C) —5 gkg! 31lc 98.1b 86.7a 126.4b 311.2b
4w (800°C ) — 5 gkg! 350bc 90.4b 82.2a 127.5b 300.1b
A= 5 gkg! 120d 0.8d 35.5b 203.8a 240.0¢

e ALLEx, A Al Al-Or, HHLLEEA 7S Al; Al-Hy, RIS Al 3 BARETE P Al FE ( Al-Reactive )= Al-Ex + Al-Or + Al-Hy!'?
[R) B AS TR - ) e 7 2 AN ] b B 22 () 719 25 55 18 2 (P<0.05 ). Note: Al-Ex, soil exchangeable Al; Al-Or, organically bound Al; Al-Hy,
sorbed hydroxyl Al; The reactive Al pool in the soil ( Al-Reactive ) = Al-Ex+Al-Or+Al-Hy"'?. Different letters indicate the significant
difference ( P<0.05 ) of different treatments within the group. (DControl group, @Pig bone biochar, 3 Chicken bone biochar, @Sheep bone
biochar, 3Ox bone biochar, ®Quicklime.

% PR OR A B PR A ] 3l o T A TR B DL
o [ AT S B F o Betts SR AR IR
TER R 2 pH A SSRIE A T s ZUIE G JB T & 5
TERRRE 2% AF T Vi it 1 O 42 U R UUTE S (R R

U, OIS LE A A 2 4 R 175 PR AR 14 2 ZEBIL A
X AGABIE ST R 2 4R (18] 4) AP WA
KB, Bk PRI S P AL B ] S 2R e
T A A BTSSR S SRR, OGS I e B TR
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